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[57] ABSTRACT 

Low-cost polycrystalline silicon solar cells supported 
on substrates are prepared by depositing successive 
layers of polycrystalline silicon containing appropriate 
dopants over supporting substrates of a member se- 
lected from the group consisting of metallurgical-grade 
polycrystalline silicon, graphite and steel coated with a 
diffusion barrier of silica, borosilicate, phosphosilicate, 
or mixtures thereof such that p-n junction devices are 
formed which effectively convert solar energy to elec- 
trical energy. To improve the conversion efficiency of 
the polycrystalline silicon solar cells, the crystallite size 
in the silicon is substantially increased by melting and 
solidifying a base layer of polycrystalline silicon before 
depositing the layers which form the p-n junction. 

10 Claims, 22 Drawing Figures 
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quence of steps necessary to deposit epitaxial silicon so 
PROCESS FOR UTILIZING LOW-COST that no significant decrease in cost of manufacture is 


GRAPHITE SUBSTRATES FOR 
POLYCRYSTALLINE SOLAR CELLS 

'rhis invention was developed under a grant from the 5 
National Science Foundation. 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a continuation-in-part application 10 
of my copending application Ser. No, 576,488 filed May 
12. 1975, now U.S. Pat. No. 3,961,997. 

BACKGROUND OF THE INVENTION 

The present invention relates to a method of produc- 15 
ing p-n junction semi-conductor solar cells. More par- 
ticularly, the invention relates to a method of producing 
solar cells with the principal objective of sharply reduc- 
ing production costs by depositing poiycrystalline sili- 
con on a relatively cheap substrate such as metallurgi- 20 
cal-grade silicon, graphite or steel. 

The problem of uncovering new, abundant, cheap 
and non-polluting sources of energy is a problem of 
vital national importance. Of all energy sources, solar 
energy is one of the more attractive sources because of 25 
its abundant supply and because it is completely non- 
polluting. An indication of the abundance of solar en- 
ergy is evident by the fact that the solar power on the 
surface of the earth is approximately one hundred thou- 
sand times greater than the current power consumption 30 
from all energy sources. 

Presently, solar energy is utilized by converting solar 
energy to thermal energy and by converting solar en- 
ergy to electricity which is known as the photovoltaic 
system. Both methods of utilizing solar energy are ex- 35 
pected to aid in meeting the ever-increasing demand for 
clean solar energy. Currently, the silicon solar cell is the 
most well-known device in the photovoltaic system. 
Further, technology has advanced to the point where 
silicon solar cell panels which are capable of producing 40 
several kilowatts of power have been used reliably in all 
types of space craft for many years. 

Currently, silicon solar cells are manufactured by 
preparing poiycrystalline silicon by reducing trichloro- 
silane with hydrogen, growing single crystals of silicon 45 
of controlled purity from the poiycrystalline material, 
preparing silicon wafers by cutting the single crystal 
ingot to a thickness of at least 0.25 mm followed by 
polishing and etching, diffusing a dopant into the silicon 
wafers to form a shaUow p-n junction, applying ohmic 50 
contacts to the rear surface and grid contact to the 
diffiised surface, applying antireflecting and protective 
coatings to the diffused surface and finally mounting the 
cell into position. This rather intricate procedure results 
in the current high costs of manufacturing sOicon solar 55 
cells. Although the costs of production for single crys- 
talline solar cells has recently been reduced from about 
$100/peak watt to about $20/peak watt, further reduc- 
tion in cost of about one order of magnitude \s necessary 
if widespread utility of solar cells is to be realized in 60 
large^sc^e terrestrial applications. 

One prior art process of manufacturing semiconduc- 
tor solar cells as shown by Tameja, et al., U.S. Pat. No. 
3,460,240, involves epitaxially depositing silicon on a 
quartz substrate to form an N-type layer over which is 65 
epitaxially deposited two P-type silicon layers. How- 
ever, this process has the disadvantage that the overall 
process requires the rather detailed and expensive se- 


observed. 

The Jones reference, U.S. Pat. No. 3,078,328, shows a 
method of manufacturing solar cells in which a layer of 
silicon is grown onto a graphite surface from a silicon 
melt and doped to form an N-type layer. In this growth 
step, silicon and carbon at the interface of the silicon 
and graphite layers mix to form an intermediate layer of 
silicon carbide. The device is completed by formation 
of a top p-type layer of silicon by diffusion. The refer- 
ence again is disadvantaged by the complicated fabrica- 
tion procedure. Thus, the cost of manufacture is unat- 
tractive from a commercial viewpoint. 

Small-area poiycrystalline silicon solar ceils have also 
been fabricated by the deposition of silicon from a 
vapor state reactant. A poiycrystalline silicon layer of a 
thickness of 25 - 50 ]Ltm was deposited on silicon sub- 
strates at 900“ C by the reduction of trichlorosilane with 
hydrogen. In this method, silicon substrates were used 
for convenience in order to eliminate the cracking of 
silicon which has been deposited on other substrates. By 
this procedure, 1 cm^ solar cells were fabricated by the 
successive diffusion of gallium and phosphorous to form 
a p-n junction about 2.5 p.m below the surface of the 
device. The device had a maximum open-circuit voltage 
of about 0.3 V, and the greatest efficiency was about 
0.9%. 

SUMMARY OF THE INVENTION 

A need continues to exist, therefore, for a method by 
which silicon semiconductor solar cells can be easily 
and cheaply produced. 

Accordingly, one object of the present invention is to 
provide a method of manufacturing poiycrystalline 
silicon semiconductor solar cells readily and cheaply. 

Another object of the invention is to provide a 
method of bonding poiycrystalline silicon to common 
substrates of substantially different chemical composi- 
tion so as to form silicon semiconductor solar cells. 

Briefly, these objects and other objects of the inven- 
tion, as hereinafter will become more readily apparent, 
can be attained in a method of fabricating low-cost 
poiycrystalline silicon solar cells by depositing succes- 
sive layers of poiycrystalline silicon containing appro- 
priate dopants over supporting substrates of a member 
selected from the group consisting of metallurgical- 
grade poiycrystalline silicon, graphite and steel coated 
with a diffusion barrier of silica, borosilicate, phospho- 
silicate or mixtures thereof such that p-n junction de- 
vices are formed which effectively convert solar energy 
to electrical energy. When graphite is used as the sub- 
strate, a diffusion barrier of silicon carbide is formed 
between the graphite substrate and the first overlying 
poiycrystalline silicon layer. When steel is the support- 
ing substrate, a diffusion barrier of silica, borosilicate, 
phosphosilicate or mixtures thereof must be deposited 
prior to deposition of the first poiycrystalline layer in 
order to avoid diffusion of contaminating iron atoms 
into the deposited silicon layer. 

The invention also has for its object the improvement 
of the conversion efficiency of poiycrystalline silicon 
solar cells on graphite substrates. This is accomplished 
by first depositing a low resistivity poiycrystalline sili- 
con layer on a roughened graphite surface, followed by 
melting and solidification. Thereafter, the layers which 
form the p-n junction are successively deposited. This 
procedure results in the crystalline size in the silicon 
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being substantially increased. Since conversion effi- 
ciency is directly related to crystallite size, a substantial 
increase in conversion efficiency on the order of a four- 
fold increase is realized according to this procedure. 

BRIEF DESCRIPTION OF THE DRAWINGS ^ 

A more complete appreciation of the invention and 
many of the attendant advantages thereof will be 
readily obtained as the same becomes better understood 
by reference to the following detailed description when 10 
considered in connection with the accompanying draw- 
ings, wherein: 

FIG. 1 shows the resistivity profile of the p-region of ^ 
polycrystalline silicon solar cell device supported on a 
graphite substrate; 15 

FIG. 2 shows the current- voltage characteristics of a 
mesa diode formed from a polycrystalline silicon, p-n 
junction device supported on a graphite substrate; 

FIG. 3 shows one embodiment of polycrystalline 
silicon, p-n junction devices supported on a graphite 20 
substrate; 

FIG. 4 is a graph of the current-voltage characteris- 
tics of one of the devices of FIG. 3; 

FIG. 5 is the resistivity profile of the p-region of a 
polycrystalline silicon junction device supported on a 25 
borosilicate coated steel substrate; 

FIG. 6 is one embodiment of the configuration of 
polycrystalline silicon, p-n junction solar cell devices 
supported on a substrate of borosilicate coated steel; 

FIG. 7 is a schematic diagram of an apparatus for the 30 
zone-melting of silicon on graphite substrates; 

FIG. 8 is a schematic diagram of an apparatus for the 
unidirectional solidification of silicon on graphite sub- 
strates; 

FIG. 9 is a graph of the dark current-voltage charac- 35 
teristics of a n+-silicon/p-silicon/p+ -silicon (unidirec- 
tionally recrystallized)/graphite solar cell; 

FIG. 10 is a graph of the current-voltage characteris- 
tics of a n+-silicon/p-silicon/p "^-silicon (unidirection- 
ally recrystallized)/graphite solar cell under illumina- 40 
tion with a quartz-halogen lamp equivalent to AMO 
conditions; 

FIG. 11 is a graph of the current- voltage characteris- 
tics of a n+-silicon/p-silicon/p+ -silicon (unidirection- 
ally recrystallized)/graphite solar cell under illumina- 45 
tion with a quartz-halogen lamp equivalent to AMI 
conditions; and 

FIG. 12 is a graph showing the relation between 
short-circuit current density and open-circuit voltage of 
a solar cell on metallurgical silicon/graphite measured 50 
under different illumination levels. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

An important consideration in the manufacture of 55 
silicon semiconductor solar cells is the type of support 
structure employed. The ideal support should be one 
which has the characteristics of being low in cost, light- 
weight, chemically inert to silicon at high temperatures, 
having a high electrical conductivity and a coefficient 60 
of expansion similar to that of silicon. Furthermore, the 
substrate should be such that silicon strongly adheres to 
the surface of the substrate, and the interface between 
the substrate and the silicon layer should be of low 
electrical resistance. In the past, refractory metals such 65 
as tantalum have been used as substrates for the deposi- 
tion of polycrystalline silicon of high purity. Such sub- 
strates, however, have not been satisfactory because, 
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from an economical point in view, they are not competi- 
tive. The choice of an appropriate substrate having the 
above-mentioned advantages would be a significant 
factor in lowering the costs of silicon solar cells, thus 
rendering their use more attractive. 

The high cost of manufacturing silicon solar cells 
from semiconductor grade silicon has already been 
discussed. High costs are involved by the series of pro- 
cess steps involved and the high cost of some of the 
manufacturing steps in particular. In view of these prob- 
lems, the use of a thin layer of polycrystalline silicon 
containing a p-n junction deposited on a suitable sub- 
strate should substantially reduce material and process 
costs. Although the efficiency of polycrystalline silicon 
solar ^Hs canncft compete with the efficiency of single 
crystalline cells, the unit power costs would be many 
times less than that of present single crystal cells. 

It has now been discovered that polycrystalline sili- 
con can be satisfactorily deposited on a steel, graphite 
or metallurgical polycrystalline silicon substrate to 
form a suitable silicon solar cell. The p-n junction must 
be very shallow; the n-layer (or the upper layer) is 0.2 - 
0.4 ftm in thickness, and the p-layer (or the inner layer) 
is 10 - 100 }im in thickness. The order of preference of 
substrates is: metallurgical-grade silicon, graphite, and 
steel. Although most steels will serve the purpose, met- 
allurgical grade silicon and graphite are preferred. In 
the preparation of solar cells using either a graphite or 
polycrystalline silicon substrate, polycrystalline silicon 
is deposited on an appropriate substrate by any accept- 
able procedure normally used for the deposition of 
polycrystalline silicon, such as by the thermal decompo- 
sition of silane, by the reduction of trichlorosilane or 
silicon tetrachloride with hydrogen at temperatures 
ranging from 900® C - 1200® C or by the thermal de- 
composition of dichlorosilane. Several such layers are 
deposited and appropriately doped so as to form a p-n 
junction device by any conventional procedure known 
to one skilled in the art. In one embodiment, the first 
deposited silicon layer is doped with a p+-type dopant 
to achieve a p^-type layer 10 - 30 fxm thick and having 
a resistance of 0.007-0.003 ohm-cm. Doping occurs 
simultaneously with the deposition of silicon by intro- 
ducing the dopant gas, e.g., diborane for p-type conduc- 
tive layers and phosphine for n-type conductive layers, 
in proper amount into the reactant mixture. Thereafter, 
two successive silicon layers are deposited which are 
p-type and then n-type successively. The p-type layer is 
8-10 fim thick and has a resistance of 0.2 - 2 ohm-cm, 
while the n-type layer is 0.2 - 0.4 jLtm thick and has a 
resistance of 0.001 - 0.002 ohm-cm. FIG. 1 shows the 
resistivity profile of the structured device, except for 
the n-layer, which is obtained by the spreading resis- 
tance technique. The plot shows a high resistivity area 
in the silicon adjacent the graphite-silicon interface and 
is apparently caused by the formation of silicon carbide. 

In one embodiment of the invention, the silicon de- 
vices above can be converted into mesa diodes by de- 
positing titanium-silver or gold dots on the silicon sur- 
face followed by masking and etching of the surface. 
Titanium-silver is the preferred contact material. FIG. 2 
shows the current-voltage characteristics of one of 
these diodes which is exemplary of the values obtained 
for these diodes, wherein the value calculated from 
the forward characteristics is 1.9, which is very similar 
to that for single crystal silicon p-n junctions. This value 
indicates that the grain boundaries in polycrystalline 
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silicon deposited on graphite supports are not signifi- binations thereof form suitable diffusion barriers be- 
cant in current conduction. tween steel and silicon. If the diffusion of boron is ob- 

By the procedure shown above, solar cells can be jectionable from a borosilicate layer to the silicon layer, 
fabricated wherein the thickness of the polycrystalline a borosilicate-silica double layer is necessary between 
silicon layer of the cell ranges from 0.001 to 0.005 cm 5 the steel and silicon layers. 

which is at least 100 times less than the amount of silicon Silica, borosilicate and phosphosilicate are all inert 
employed in single crystal solar cells. The most signifi- toward silicon and steel at high temperatures, and have 
cantadvantagesisthattheenergy-, labor-, and material- the added advantage of being relatively soft. For in- 
consuming steps of the process of producing single stance; sUica and silicon have hardness values on the 
crystal cells, i.e., the growth of single crystals step, the 10 Moh’s scale of 5 and 7, respectively. The thermal expan- 
preparation of the silicon wafers and the diffusion pro- sion coefficient of borosilicate can be changed as a func- 
cess, are eliminated. Although the efficiency of the tion of its composition which makes its use particularly 
polycrystalline solar cells in less than that of single attractive. For example, a borosilicate composition con- 
crystal cells, the disadvantage is more than countered taining 18 mole % boron oxide has a thermal expansion 
by the many times lower unit power costs of the poly- 15 coefficient similar to that of silicon, 
crystalline cells. In polycrystalline silicon devices which have a 

A similar procedure to that shown above can be used borosilicate/steel base, borosilicate is amorphous and is 
to prepare polycrystalline silicon solar cells having a not expected to significantly influence the structure of 
support structure of metallurgical polycrystalline sili- the silicon deposit. Silicon which is deposited over 
con by any method known to those skilled in the art of 20 borosilicate has properties similar to silicon which is 
establishing p-n junctions in deposited polycrystalline deposited over silicon nitride or silicon dioxide. Various 
silicon. In a representative procedure, a p-type poly- factors such as substrate temperature, deposition rate 
crystalline layer is deposited on a wafer of silicon, and the amount of boron incorporated substantially 
which has been pretreated with hydrogen or with by- influence the micro-structure of the overlying silicon 
drogen chloride at an elevated temperature ranging 25 layer. Generally, silicon which is deposited at low tem- 
from 1000'' C to 1100*’ C by the decomposition of silane peratures and high rates without intentional doping 
with diborane as the dopant source. Thereafter, an consists of small crystallites, the size of which increase 
upper n-type silicon layer is deposited using phosphine with increasing deposition temperature, decreasing de- 
or arsine as a dopant to yield a structure having a shal- composition rate and the incorporation of high concen- 
low p-n junction. The device is completed by attaching 30 tration of boron, for example, a concentration of about 
leads to the n- and p-regions. 10^® boron atoms/cm^. Undoped silicon film deposited 

In another aspect of the invention, the fabrication of at 900* C at a rate of 2 /im/min reveals a fiber-like 
the cheap silicon solar cells by the decomposition of structure. However, as the deposition rate is decreased 
polycrystalline silicon on a steel substrate was at- to 0.2 fim/min, small crystallites of silicon less than 1 
tempted. The problem of using steel as a substrate for 35 /xm in size become dominant. Further, a notable in- 
polycrystalline silicon cells is complicated by several crease in the size of the crystallites occurs by further 
problems. The first is that a large and therefore signifi- increasing the deposition temperature to 1000® C. 

cant difference exists in the thermal expansion coeffici- Both silica and borosilicate can be readily deposited 
ents of the materials. Silicon has an expansion coeffici- on steel substrates by a variety of known chemical de- 
ent of 4 X 10“^® C“^ while most steels have coeffici- 40 position techniques of which the following are exem- 
ents of 14 -16 X lO”"^® Another factor is that high plary: Silica can be deposited by (1) the oxidation of 
rates of diffusion of silicon and iron atoms occur into silane, or (2) by the pyrolysis of a tetraalkoxysilane, 
each other between adjacent layers of steel and poly- such as tetraethoxysilane. Borosilicate can be deposited 
crystalline silicon at the temperatures employed in the (1) by the oxidation of a mixture of silane and diborane, 
deposition process. It is known from the phase diagrams 45 or (2) by the pyrolysis of a tetraalkoxysilane-trialkox- 
of mixtures of iron and silicon that the following iron yborane mixture such as tetraethoxysilane-trimethox- 
silicides form: FesSi, FcsSia, FeSi and FeSi 2 » Still an- yborane. Naturally, the amounts of boron and silicon in 
other factor is that at temperatures above 800® C, a solid the borosilicate are determined by the mole ratios of the 
solution of iron silicides forms when silicon is deposited silicon reactant and the boron reactant. Other suitable 
on steel substrates by any of the conventional silicon 50 alkoxyboranes include triethoxyborane and tripropox- 
deposition procedures. This latter fact is substantiated yborane, and other suitable tetraalkoxysilanes include 
by the high electrical conductivity of the region. tetramethoxysilane and tetrapropoxysilane. The meth- 

In view of the above problems with steel as a sub- ods by which the silica and borosilicate diffusion barri- 
strate for silicon solar cells, it is apparent that another ers are deposited on the steel substrates are not critical, 
material must be applied between the deposited silicon 55 and any deposition method well known to those skilled 
layer and the steel substrate. Any such material (herein- in the art is applicable. Phosphosilicate layers can be 
after referred to as the “diffusion barrier”) must have deposited by any suitable technique such as by the oxi- 
the ability to minimize the difference in thermal expan- dation of silane and phosphine mixtures or by the hy- 
sion characteristics of the two layers and should be drolysis of a silicon tetrachloridephosphorous trichlo- 
chemically inert to steel and silicon at high tempera- 60 ride mixture. All of the above methods for depositing 
tures. Further, the intervening layer should strongly the above diffusion layers are compatible with current 
adhere to both the steel and polycrystalline layers and methods of depositing polycrystalline layers. Normally, 
be compatible with the manufacturing technology of the thickness of the deposited diffusion barrier is 1 - 5 
the polycrystalline silicon. Thus, for example, the diffu- p,m. Normally, the borosilicate diffusion layers contain 
sion barrier may be deposited by in-situ chemical vapor 65 from 10-18% boron while phosphosilicate layers con- 
deposition prior to application of the silicon layer. tain from 10 - 20% phosphorous. 

It has now been found that layers of films of silica, By using the above diffusion barrier materials it is 
borosilicate, phosphosilicate, aluminosilicate and com- possible to prepare integral and tightly formed struc- 
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tures such as silicon/silica/steel, silicon/borosilicate/- 
steel and silicon/silica-borosilicate/steel which com- 
pletely avoid contamination by highly conductive iron 
silicide. Suitable steels used for the substrates of the 
present solar cells include Armco silicon steel and USS 
Vitrenamel I, which has a carbon content less than 
0.008%. Prior to deposition of the first polycrystalline 
silicon layer to eventually form the necessary p-n junc- 
tion, the surface of the steel can be scavenged of oxygen 
by treatment with a reducing agent such as hydrogen at 
a temperature from 600® to 1000® C, preferably 900® to 
1000® C. Thereafter, the appropriate silica, borosilicate 
or phosphosilicate layer can be deposited on the steel 
surface. 

Having generally described one aspect of the inven- 
tion, a further understanding can be obtained by refer- 
ence to certain specific examples which are provided 
herein for purposes of illustration only and are not in- 
tended to be limiting unless otherwise specified. 

EXAMPLE 1 

FIG. 3A shows a graphite base and FIG. 3B shows 
the structural configuration of a solar cell having a 
graphite base 1, over which was deposited a p+-silicon 
layer 2 by the thermal decomposition of silane and dibo- 
rane. Thereafter, p-silicon layer 3 and n*^-silicon layer 4 
were deposited by the thermal decomposition of silane 
using diborane and silane as dopants, respectively. Grid 
contacts of Ti-Ag-Al 5 were evaporated onto the n+- 
silicon surface as shown in FIGS. 3C and 3D. FIGS. 3E 
and 3F show another view of the device in which ex- 
cess silicon deposits were removed from the periphery 
of the device. The current- voltage characteristics of the 
device were measured with an Aerospace Control 
Corp. 302+ AMO solar simulator at room temperature, 
and the efficiencies achieved for a series of cells were in 
the range of 1.0 - 1.6%. 

FIG. 4 is a plot of current density versus voltage for 
one of the above polycrystalline silicon on graphite 
solar cells. The open-circuit voltage, short-circuit cur- 
rent density, and fill factor obtained are 0.33 V, 13 
mA/Cm^ and 0.44, respectively. A value of 0.85 ohms 
was obtained for its series resistance from the current- 
voltage relations under several different levels of illumi- 
nation. 

EXAMPLE 2 

A 6 cm^ disc of p-type polycrystalline silicon having 
a resistivity of 0.001 ohm-cm was obtained from metal- 
lurgical grade silicon. The disc was heated under a 
hydrogen atmosphere at 1000® C. A p-type, 10 ^im thick 
layer of polycrystalline silicon was deposited by ther- 
mally decomposing sOane with diborane as the dopant 
to produce a resistivity of 1 ohm-cm. Thereafter, an 
n-type layer 0.2 - 0.4 p,m thick and having a resistivity 
of 0.002 ohm-cm was deposited by thermally decom- 
posing silane and phosphine to yield a shallow p-n junc- 
tion device. Aluminum contacts were attached to the p- 
and n-regions. The device was subjected to light from 
an AMO solar simulator and an open circuit voltage and 
short-circuit current density of 0.52 V and 15 mA/cm\ 
respectively, were obtained, corresponding to a conver- 
sion efficiency of 3%. 

Deposition of Borosilicate on Steel Substrates: 0.6 - 
1.5 mm thick low carbon U.S. Steel Vitrenamel steel 
plates having a linear thermal expansion coefficient of 
1.4 X 10”^ ® C in the temperature range of 25® - 700® C 
were used as substrates (Note that silicon has an expan- 


8 

sion coefficient of 3.6 X 10”^® C“*.). The steel sub- 
strates were placed in and supported on a silicon car- 
bide coated graphite susceptor and the susceptor was 
heated exothermally by an rf generator. Before silicon 
5 was deposited on the wafers, the steel substrates were 
heated under a hydrogen atmosphere at 1000® C to 
remove oxygen from the steel surface. A film of borosil- 
icate of a thickness ranging from 3 - 5 /im was then 
deposited at 900® C from a reactant mixture of 20 1/min 
10 hydrogen, 25 ml/min silane, 6 ml/min diborane and 250 
ml/min oxygen. 

Several polycrystalline solar cells were then prepared 
by depositing silicon on steel substrates coated with 3 - 
5 /xm of borosilicate. The first silicon layer was p-type 
15 of 10 - 40 p,m thickness and of a resistivity of 0.002 - 
0.003 ohm-cm, while the second layer was of p-type 
silicon of 8 - 10 fim thickness having a resistivity of 0.2 
- 2 ohm-cm. The final layer was a layer of n-type silicon 
of 0.2 - 0.4 iim thickness and 0.001 - 0.002 ohm-cm 
20 resistivity. The resistivity profile of a device having a 
first p-silicon layer of 35 jitm thickness of 0.002 ohm-cm 
resistivity, a second p-silicon layer of 10 /xm thickness of 
0.2 ohm/cm resistivity and a final n-silicon layer of 
0.002 }xm thickness of 0.001 ohm/cm resistivity on a 
25 borosiiicateA^itrenamel I substrate is shown in FIG. 5. 

EXAMPLE 3 

Several solar cells were fabricated from the steel/- 
borosilicate structures described above as shown in 
30 FIG. 6A. Because borosilicate was used as the diffusion 
barrier, it was necessary to place the ohmic contacts in 
the n- and p-regions of the device on the front surface of 
the sOicon. A 2 mm wide strip 15 of the upper n+- and 
p-silicon layers was removed from the periphery of the 
35 device as shown to expose the p+-layer 12, which is 
above the borosilicate layer 11 and steel substrate 10, 
but below p-type layer 13 and n-type layer 14 (FIG. 
6B). A thick aluminum film 16, 1 mm wide was then 
deposited onto the exposed p+-layer, FIGS. 6C and 6D. 
40 The device was then annealed at 500® C for 20 min. to 
form a low-resistance ohmic contact. Thereafter, an 
aluminum grid contact 17 was evaporated through a 
metal mask onto the n+-layer, FIGS. 6E and 6F. 

The electrical properties of the cells are exemplified 
45 by a particular cell having the following configuration: 
0.2 fxm thick - 0.001 ohm-cm n-silicon/5 fim thick - 3 
ohm-cm p-silicon/15 fxm thick - 0.003 ohm-cm p-silicon 
on borosilicateA^itrenamel I. The p+-layer was depos- 
ited at 1000® C, and the other layers were deposited at 
50 900® C. The average grain size was 2.5 /xm. The p- 
n+junction was 4.4 cm^ in area. The current-voltage 
characteristics were determined under illumination by a 
tungsten lamp. The power density of the surface of the 
device was estimated to be 80 mV/cm^. The open- 
55 circuit voltage was about 0.1 V, and the conversion 
efficiency was about 0.05%. 

EXAMPLE 4 

A USS Vitrenamel I steel plate 1 mm thick was sup- 
60 ported on a silicon carbide coated graphite susceptor in 
a 55 mm ID fused silicon reaction tube. An rf generator 
was used to heat the susceptor externally. A 3 fim thick 
borosilicate layer was deposited on the substrate by 
decomposing a mixture of hydrogen, silane, diborane 
65 and oxygen at flow rates of 20 1/min, 25 ml/min, 6 
ml/min and 250 ml/min, respectively, at 900® C. There- 
after, a layer of silicon 55 /xm thick was deposited over 
the borosilicate by decomposing a mixture of hydrogen 
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and silane at flow rates of 20 ml/min and 50 ral/min, 
respectively, at 900® C Both the silicon and borosilicate 
layers tightly adhered to the underlying substrates. 
Further, metallurgical examination of the cross-section 
of the deposited layers showed that no diffusion of iron 5 
occurred into the silicon, and similarly, no diffusion of 
silicon occurred into the steel substrate. The silicon 
layer overlying the borosilicate layer was of the n-type 
having an electrical resistivity of about 450 ohm-cm. 
The resistivity data indicated that borosilicate effec- 10 
tively functions as a diffusion barrier against the diffu- 
sion of iron from the steel substrate into silicon. 

EXAMPLE 5 

Following the procedure of Example 4, a borosilicate 15 
layer of 3 - 5 jitm thickness was deposited over a Vitre- 
namel substrate. A 30 /xm layer of silicon was subse- 
quently deposited over the borosilicate layer by decom- 
posing silane in hydrogen at 1 150® C. Subsequent metal- 
lurgical examinations showed that the silicon/- 20 
borosilicate/steel structures effectively prevented the 
diffusion of iron into the silicon layer at 1 150® C. 

EXAMPLE 6 

A 7 jim thick film of sOica was deposited on a steel 25 
substrate at 900® C by decomposing a mixture of hydro- 
gen, silane and oxygen at flow rates of 20 1/min, 25 
ml/min and 250 ml/min, respectively. Thereafter, the 
temperature of the substrate was increased to 1150® C, 
and about 30 jitm of silicon was deposited. In Examples 30 
5 and 6, metallurgical examinations showed that no iron 
diffused from the substrate into the silicon layer. 

According to another aspect of the invention, the 
conversion efficiency of polycrystalline silicon solar 
cells on graphite substrates can be substantially in- 35 
creased. Extensive experimentation has been carried out 
to produce such cells generally having the configura- 
tion 0.2 - 0.4 fxm 0.001 - 0.002 ohm-cm n-silicon/10-15 
/xm 0.5-2 ohm-cm p-silicon/10-30 ^m 0.002-0.005 
ohm-cm p-silicon/graphite, i.e., a low resistivity p-type 40 
silicon layer was first deposited on graphite followed by 
the depositions of a medium resistivity p-type silicon 
layer and a low resistivity n-type silicon layer. Solar 
cells with open-circuit voltages of up to 0.35 V and 
short-circuit current densities of up to 13 mA/cm^ were 45 
obtained under illumination with an air mass zero solar 
simulator, corresponding to a conversion efficiency of 
about 1.5%. This relatively low efficiency is associated 
with the relatively small size of crystallites, less than 30 
micrometers on the average, in a polycrystalline sOicon 50 
layer deposited by conventional chemic^ vapor deposi- 
tion techniques. To improve the conversion efficiency 
of polycrystalline silicon solar cells, the crystallite size 
in sOicon must be substantially increased, and this inven- 
tion provides a simple technique to improve the conver- 55 
sion efficiency of polycrystalline silicon solar cells on 
graphite substrates. 

Since the solidification of a silicon melt usually yields 
relatively large crystallites, the recrystallization of the 
low resistivity p-type layer prior to the deposition of the 60 
medium resistivity p-type and low-resistivity n-type 
silicon layers can improve considerably the structural 
properties of silicon solar cells. However, the recrystal- 
lization of a large area silicon layer of a few microme- 
ters thickness on graphite substrates is extremely diffi- 65 
cult because of the large surface tension of molten sili- 
con will cause the thin molten silicon layer to break 
down into discontinuous filaments. To stabilize the 
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molten silicon layer, the silicon melt-substrate interfa- 
cial energy must be increased to overcome the ambient- 
silicon melt interfacial energy associated with the large 
surface tension of molten silicon. The silicon-substrate 
interfacial energy can be increased by increasing the 
roughness of the substrate surface, for example, by 
sandblasting. Thus, the recrystallization of the silicon 
layer may be carried out by first depositing a low resis- 
tivity p-type polycrystalline silicon layer on a rough- 
ened graphite surface, followed by melting and solidifi- 
cation. Two approaches have been used for the recrys- 
tallization of silicon on graphite: (1) zone-melting, and 
(2) melting of the entire area followed by unidirectional 
solidification. The zone-melting process was carried out 
by using the apparatus shown schematically in FIG. 7. 
A p+ -silicon/graphite specimen of 15 cm. length and 4 
cm. width was placed in a fused silica tube in a hydro- 
gen flow and was heated at 1200 - 1300® C by an rf 
generator. The spacings between the turns of the rf coil 
were adjusted so that a 2.5 cm wide region of the speci- 
men was above the melting point of silicon. The speci- 
men was then pulled to allow the molten zone to tra- 
verse through the length of the specimen. Although 
zone-melting has produced polycrystalline silicon lay- 
ers with relatively large crystallites, this process in- 
volves the movement of the specimen and may not be 
economical for the fabrication of low cost silicon solar 
cells. The stationary recrystallization process is there- 
fore more desirable. This method is complicated by the 
fact that the density of the liquid silicon is about 10% 
higher than the density of the solid. The regions which 
solidify last will have a protruded surface due to the 
expansion of silicon on solidification. It is therefore 
necessary that the solidification of molten silicon be 
controlled to take place from one end of the specimen to 
the other. This was achieved by adjusting the spacings 
of the irf coil that there is a unidirectional temperature 
gradient along the length of the specimen, as shown in 
FIG. 8. The unidirectional recryst^lization of silicon on 
graphite is simple in operation and has produced silicon 
sheets with crystallites as large as two centimeters in 
length and several millimeters in width. Most crystal- 
lites are of a [1 10] orientation as shown by x-ray diffrac- 
tion. 

An alternate and more economical approach for the 
preparation of silicon sheets on graphite substrates is to 
use metallurgical-grade silicon, at a cost of about $1 Ag, 
as the starting material. Metallurgical-grade silicon is 
about 98% purity, and a major portion of the impurities 
in metallurgical silicon can be removed readily by the 
chemical treatment of the melt with chlorine or other 
reagents. Instead of depositing a low resistivity p-type 
polycrystalline silicon layer on a graphite surface as 
discussed above, the purified metallurgical silicon is 
melted on a graphite plate and unidirectionally solidi- 
fied as shown in FIG. 8. This approach is the most 
inexpensive one at present for providing silicon sheet 
with large crystallites suitable for solar cell purposes. 

Solar cells can be prepared by depositing a silicon 
film containing a p-n junction on a p+-silicon (recrystal- 
lized)/graphite or a chemically treated metallurgical 
silicon (recrystallized)/graphite substrate. The exam- 
ples illustrating the solar cell fabrication techniques 
discussed are given below. 

EXAMPLE 7 

A p-type silicon layer of 0.002-0.003 ohm-cm resistiv- 
ity was deposited on a roughened graphite substrate at 
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1 150® C by the thermal reduction of trichlorosilane with 
hydrogen. This layer was then recrystallized by unidi- 
rectional solidification, and the recrystallized layer con- 
tained elongated crystallites of up to 2 cm in length and 
several millimeters in width. Subsequently, a 10-30 /im 5 
of 0.2-1 ohm-cm p-type silicon layer and a 0.2-0.4 pun 
of 0.002-0.004 ohm-cm n-type layer were deposited to 
complete the solar cell structure. The grid contact con- 
sisting of about 500 A titanium and 5 /itm silver was then 
evaporated onto the as-deposited surface in the usual 10 
manner. The solar cell produced by this technique 
showed relatively good dark current-voltage character- 
istics as shown in FIG. 9, where the area of the cell was 
about 20 cm^. FIG. 10 shows the current- voltage char- 
acteristics of this cell under illumination with a quartz 15 
halogen lamp calibrated to AMO conditions. The open- 
circuit voltage, short-circuit current density, and fill 
factor were found to be 0.52 V, 17 mA/cm^ and 0.55, 
respectively, corresponding to a conversion efficiency 
of about 3.7%. 20 

EXAMPLE 8 

Metallurgical-grade silicon was purified by treating 
the melt with chlorine to volatilize about 5% of silicon 
in the form of silicon tetrachloride. During this treat- 25 
ment, many impurity elements, such as boron and alu- 
minum, react preferentially with chlorine to form vola- 
tile chlorides. Chemically treated metallurgical silicon 
was melted on a graphite plate and unidirectionally 
recrystallized. The resulting metallurgical silicon/- 30 
graphite substrates were then used for the deposition of 
silicon solar cell structures by the thermal reduction of 
trichlorosilane, as discussed in Example 7. 

The characteristics of a solar cell of about 32 cm^area 
with the configuration 1000 A SiO2/0.3-0.4 jam 0.003 35 
ohm-cm n-silicon/30 pbm 1 ohm-cm p-silicon/metallur- 
gical silicon (unidirectionally recrystallized)/graphite 
are shown in FIGS. 11 and 12. FIG. 11 shows the char- 
acteristics of the cell under illumination equivalent to 
AMI conditions. The open-circuit voltage, short circuit 40 
current density, and fill factor were found to be 0.53 V, 
17,5 mA/cm\ and 0.56, respectively, corresponding to 
an AMI efficiency of 5%. The relation between the 
short-circuit current density and the open circuit volt- 
age measured under various intensities of illumination is 45 
shown in FIG. 12. The “/i” value in the diode equation 
and the saturation current density calculated from this 
plot are approximately 1.76 and 1.2 X 10““^ A/cm\ 
respectively. In some smaller area solar cells (10 cm^for 
example), AMI efficiencies higher than 6% have been 50 
observed. 

Having now fully described the invention, it will be 
apparent to one of ordinary skill in the art that many 
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changes and modifications can be made thereto without 
departing from the spirit or scope of the invention as set 
forth herein. 

I claim: 

1. A method of fabricating pdlycrystalline silicon 
solar cells, which comprises: 

providing a roughened graphite substrate; 

depositing a low resistivity polycrystalline silicon 
layer on the roughened graphite; 

recrystallizing the polycrystalline silicon layer by 
melting and solidification; and 

depositing successive layers of polycrystalline silicon 
containing appropriate dopants on said low resis- 
tivity polycrystalline silicon layer such that p-n 
junction devices are formed which effectively con- 
vert solar energy to electrical energy. 

2. The method of claim 1 wherein said low resistivity 
polycrystalline silicon layer is deposited by the thermal 
reduction of trichlorosilane with hydrogen. 

3. The method of claim 2 wherein said recrystallizing 
employs zone melting. 

4. Tlie method of claim 3 wherein said recrystallizing 
employs unidirectional solidification. 

5. Tlie method of claim 3 wherein said zone melting 
employs rf coil heating and pulling of the silicon-graph- 
ite device to allow the molten zone to traverse the 
length of the device. 

6. The method of claim 4 wherein said unidirectional 
solidification employs rf coil heating and adjusting the 
rf coil spacing so that there is a unidirectional tempera- 
ture gradient along the silicon-graphite device. 

7. The method of claim 1 wherein said graphite sub- 
strate is roughened by sandblasting. 

8. A method of fabricating polycrystalline silicon 
solar cells, which comprises: 

providing a graphite substrate; 

melting purified metallurgical grade silicon on the 
graphite; 

recrystallizing the device formed by unidirectional 
solidification; and 

depositing successive layers of polycrystalline silicon 
containing appropriate dopants on said purified 
metallurgical grade silicon such that p-n junction 
devices are formed which effectively convert solar 
energy to electrical energy. 

9. The method of claim 8 wherein said purified metal- 
lurgical grade silicon is purified with chlorine, 

10. The method of claim 8 wherein said unidirectional 
solidification employs rf coil heating and adjusting the 
rf coil spacing so that there is a unidirectional tempera- 
ture gradient along the silicon-graphite device, 
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